Abstract The purpose of this study was to retrospectively evaluate radiologist performance in detection of lacunar infarcts on T 1 -and T 2 -weighted images, without and with the use of a computer-aided diagnosis (CAD) scheme. Thirty T 1 -weighted and 30 T 2 -weighted MR images obtained from 30 patients were used for assessing observer performance. These images were acquired using the fast spin-echo sequence with a 1.5-T MR imaging scanner. The group included 15 patients (age range, 48-83 years; mean age, 67.2 years; 10 men and five women) with a lacunar infarct and 15 patients (age range, 39-76 years; mean age, 64.0 years; eight men and seven women) without lacunar infarcts. Nine radiologists participated in the study. The radiologists initially interpreted the T 1 -and T 2 -weighted images without and then with the use of CAD, which indicated their confidence levels regarding the presence (or absence) of lacunar infarcts and the most likely position of a lesion on each MR scan. The observers' performance without and with the computer output was evaluated by performing receiver operating characteristic analysis. For the nine radiologists, the mean area under the best-fit binormal receiver operating characteristic curve plotted for unit square values of radiologists who interpreted the images without and with the scheme were 0.891 and 0.937, respectively. The performance of the radiologists improved significantly when they used the computer output (p00.032). The CAD scheme has potential to improve the accuracy of radiologists' performance in detection of lacunar infarcts.
Introduction
Stroke is the third leading cause of death in the USA and is one of the most expensive conditions to treat. Each year, in the USA alone, approximately 780,000 strokes are recorded, of which 180,000 are recurrent [1] . Asymptomatic ischemic cerebrovascular disorders are an early manifestation of cerebrovascular diseases. Aging and hypertension are considered to be independent risk factors for silent lacunar infarcts [2] . Therefore, a health check system for early detection of asymptomatic cerebral and cerebrovascular diseases, which is called brain dock or brain check-up, is widely used in Japan. In this screening system, asymptomatic lacunar infarcts are often detected on magnetic resonance (MR) images. The detection of asymptomatic lacunar infarcts is important because their presence indicates an increased risk of severe cerebral infarction [3, 4] . However, accurate identification of lacunar infarcts on MR images is often difficult for radiologists because of the difficulty in distinguishing infarcts from other lesions, such as enlarged Virchow-Robin spaces [5] . Therefore, we have developed a computer-aided diagnosis (CAD) scheme for the detection of lacunar infarcts on T 1 -and T 2 -weighted images in order to assist radiologists who use computer outputs as a guide for image interpretation [6] [7] [8] .
Our CAD scheme uses both T 1 -and T 2 -weighted images and accurately detects almost all lacunar infarcts. The current performance level of our CAD scheme for the detection of lacunar infarcts is 96.8% in sensitivity with the number of false positives (FP) of 0.76 per slice [7] . By using our CAD scheme, the radiologist confidence in detecting lacunar infarcts may increase considering the outputs of our CAD scheme because our CAD scheme can accurately detect almost all lacunar infarcts. However, the problem is that a relatively large number of FPs are also detected when using this method. For any CAD scheme, it is important to minimize the number of FPs. However, the majority of FPs of lacunar infarcts detected by the computer may be different from those detected by radiologists, and therefore, radiologists may be able to disregard these obvious FPs identified by the computer. Thus, an important question regarding the output value of our CAD scheme is whether radiologists can improve their performance when the computer output is presented to them. During the last two decades, a large number of observer performance studies have been carried out to answer to this question, and these have clearly shown that radiologist performance can be improved when computer outputs are employed [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, the majority of CAD researches in the past focused on three body parts, i.e., chest, breast, and colon [20] .
Recently, the concept of using CAD has been extended to the cerebral region. For example, CAD schemes for detection of unruptured intracranial aneurysms have been reported [21] [22] [23] [24] [25] . An observer performance study was also conducted, and the results indicated that the receiver operating characteristic (ROC) curve for radiologists in the detection of unruptured intracranial aneurysms in MR angiography improved when computer outputs were available [26] . However, to the best of our knowledge, there have been no previous reports of observer performance studies investigating the effect of a CAD scheme for the detection of lacunar infarcts. Therefore, the purpose of this study was to evaluate the effect of a CAD scheme on radiologist performance in detecting lacunar infarcts on T 1 -and T 2 -weighted images.
Materials and Methods

Database
Our image database was composed of 1,143 T 1 -weighted and 1,143 T 2 -weighted MR images obtained from 132 patients (mean age, 63.4 years; age range, 28-83 years). These images were acquired using a 1.5-T MR scanner (Signa Excite Twin Speed 1.5 T; GE Medical Systems, Milwaukee, WI) at Gifu University Hospital (Gifu, Japan). The T 1 -and T 2 -weighted images were obtained using the fast spin-echo sequence with an effective echo time (TE) of 8-12 ms, and 96-105 ms, respectively, and a repetition time of 300-500 ms and 3,000-3,500 ms, respectively. All the MR images were obtained in the axial plane with a section thickness of 5 mm, and an intersection gap of 2 mm, and a 24×24-cm field of view, which covered the entire brain. The matrix size of the MR images was 512×512, with a spatial resolution of 0.47 mm/pixel. Our institutional review board approved the use of the image database for this study.
All the T 1 -and T 2 -weighted images in our database were reviewed by two experienced neuroradiologists (T. A. and H. K., having 11 and 9 years of post-training experience in interpreting brain MR images, respectively). The locations of the lacunar infarcts (diameter, 3-15 mm) on T 1 -and T 2 -weighted images were determined by both neuroradiologists. The two radiologists independently marked the lesions they identified as lacunar infarcts. The lesions marked as lacunar infarct by both the radiologists were considered as "lacunar infarcts" for this study.
Fifteen of the 132 patients with a lacunar infarct were sequentially selected for an observer study. They included 10 men and five women with an age range of 48-83 years (mean, 67.2 years). Since multiple lacunar infarcts are often detected in individual patients, we simplified this study by imposing the criterion that the selected patients should have only one lacunar infarct. This selection criterion would allow easier interpretation of the results of ROC analysis. Further, 15 of the 132 patients without lacunar infarcts were selected as a control group for this study. They included eight men and seven women with an age range of 39-76 years (mean, 64.0 years). The mean age of the two groups was similar as determined by Students t test (p0 0.36). The diagnosis of "no lacunar infarcts" was confirmed by consensus between the two neuroradiologists.
CAD Scheme
The scheme used in this study for computerized detection of lacunar infarcts on T 1 -and T 2 -weighted images included several steps [7] . First, we segmented the cerebral region on the basis of the region-growing technique in order to avoid detecting false findings located outside the cerebral region. For identifying the initial candidates for lacunar infarcts, top-hat transformation and multiple-phase binarization techniques were applied to the T 2 -weighted image within the segmented cerebral region. Top-hat transformation was employed for enhancing both isolated lacunar infarcts and lacunar infarcts adjacent to the lateral ventricle. By using top-hat transformation, the extraction of lacunar infarcts adjacent to the lateral ventricle was simplified using a thresholding technique. In multiple-phase binarization, thresholding techniques with several threshold values were applied to the T 2 -weighted images following white top-hat transformation. The initial candidates for lacunar infarcts were determined by integrating the gravity centers of all candidates detected by multiple-phase binarization. By using the techniques described above, almost all lacunar infarcts were accurately detected. However, the candidates selected initially also included many FPs. For eliminating these, we determined 12 features, namely, the x and y locations, signal intensity differences in the T 1 -and T 2 -weighted images, nodular components (NCs) from a scale of 1 to 4, and nodular and linear components (NLCs) from a scale of 1 to 4. The x and y locations were defined on the basis of the center of gravity in the candidate regions. The signal intensity differences on the T 1 -and T 2 -weighted images were determined by the difference between the average pixel value of the lacunar infarct region and the average pixel value of the peripheral region. The NCs and NLCs were obtained using a filter bank technique [27] . Finally, rule-based schemes and a support vector machine with the 12 features were applied to the initial candidates in order to distinguish between lacunar infarcts and FPs. The performance level used in this study for detection of lacunar infarcts indicated that the sensitivity was 96.8% with 0.76 FPs per slice [7] .
Observer Performance Study A total of nine radiologists, including three board-certified radiologists who specialized in neuroradiology and six board-certified radiologists who did not specialize in neuroradiology, took part in the observer performance study. We used a sequential method in the study [15] . T 1 -and T 2 -weighted images were displayed together at the same transverse location. The observers could manually control the speed or sequence of the slice image display, and they were allowed to change the window level and width on the monitor. Each observer initially read all slice images for T 1 -and T 2 -weighted images displayed on the LCD monitor without computer output. The observer marked his or her confidence level regarding the likelihood of the presence of a lacunar infarct. After the observer marked the initial level of confidence, the computer outputs were superimposed on the T 1 -and T 2 -weighted images. Observers again marked their confidence level if they wished to change their initial result. Figure 1 illustrates the display used in the observer study. Fig. 1 Example of the computer display used in the current study The observers were instructed to click on the screen using a mouse (1) to indicate on a bar their confidence level regarding the presence (or absence) of a lacunar infarct, and (2) to identify the most likely infarct position in each case. Each observer used a continuous rating scale displayed on the monitor. The observers were blinded to the number of patients with a lacunar infarct. The cases selected for study were presented in the same randomized order to each observer. There was no limit on reading time.
Statistical Analysis ROC analysis [28] was used for comparison between radiologist performances without and with computer outputs for detection of lacunar infarcts on T 1 -and T 2 -weighted images. A binormal ROC curve was fitted to each radiologist's confidence rating data from the two reading conditions with quasi-maximum likelihood estimation [29] . The computer program PROPROC [30] was used for obtaining the binormal ROC for each radiologist. The statistical significance of the differences between ROC curves obtained without and with computer outputs was tested using the computer program DBM-MRMC [31, 32] , which uses analysis of variance in pseudo-values of the area under the best-fit binormal ROC curve (AUC) calculated from all rating scores of all radiologists. In all analyses, a p value of less than 0.05 was considered to indicate a significant difference. Fig. 3 Histograms of average radiologist confidence levels (%) without the use of computer outputs. Data were obtained from 15 cases with a lacunar infarct and 15 cases without lacunar infarcts Fig. 4 Graph shows the number of cases (>15%) in which confidence levels were affected by the CAD output in cases with a lacunar infarct Fig. 5 Graph shows the number of cases (>15%) in which confidence levels were affected by the CAD output in cases without a lacunar infarct the radiologists without and with computer outputs. The average AUC values of all the radiologists improved from 0.891 (without the computer output) to 0.937 (with the computer output), and this difference was statistically significant (p00.032). Table 1 shows the AUC values without and with the computer output for each radiologist. Figure 3 shows the histograms of average radiologist confidence levels (%) without the use of computer outputs. Data were obtained from 15 cases with a lacunar infarct and 15 cases without lacunar infarcts. Since several cases had a subtlety rating, identification of lacunar infarcts was difficult in them. Figure 4 shows the clinically relevant changes in the confidence ratings of each observer with regard to cases with a lacunar infarct. Clinically relevant change was defined as a case (>15%) affected by CAD output. The average number of cases affected beneficially was 1.33 (8.9%). However, the average number of cases affected detrimentally was 0.33 (2.2%). In the study, each observer indicated (1) their confidence level regarding the presence (or absence) of a lacunar infarct, and (2) the most likely position of the lesion in each case. Using these data, a neuroradiologist (one of the authors) and the first author reviewed the cases to determine the nature of the errors. In two out of the three detrimentally affected cases, our CAD scheme could not accurately detect the lacunar infarct. In one of the three detrimentally affected cases, the observer changed his/her confidence level to a lower value, even though the CAD scheme accurately detected the lacunar infarct. Figure 5 shows clinically relevant changes in the confidence ratings of each observer in cases without a lacunar infarct. The average number of cases affected beneficially and detrimentally were 3.67 (24.4%) and 0.89 (5.9%), respectively. The average number of patients without a lacunar infarct that were affected beneficially was higher than that of patients with a lacunar infarct. These beneficial effects were caused by the fact that observers initially marked lesions that appear similar to lacunar infarcts, such as enlarged Virchow-Robin spaces, with a relatively high confidence level, indicating the presence of lacunar infarcts. However, the confidence level was changed to a lower value after taking into account the absence of lesions in CAD. Therefore, observers were able to make the correct diagnosis using the computer output. On the other hand, eight detrimentally affected cases were caused by FPs detected by our CAD scheme.
Results
Figure 2 shows ROC curves for the detection of lacunar infarcts on T 1 -and T 2 -weighted images obtained from all
Discussion
Our results indicate that the performance of eight out of the nine radiologists improved when they used the computer output. However, the performance of one observer did not improve when the computer output was employed. It should be noted that the AUC value of this observer (radiologist I) without the computer output was quite high. The reason for the decrease in the AUC value upon use of the computer output was that this observer showed higher sensitivity than our CAD scheme in detecting lacunar infarcts. Therefore, Fig. 6 Graph shows the relationship between average radiologist confidence levels (%) without computer output, and the average change in the radiologist confidence levels without and with the use of computer outputs. Data were obtained from 15 cases with a lacunar infarct Fig. 7 T 1 -and T 2 -weighted images from case no. 1 in Fig. 6 . Our CAD scheme could not accurately detect this lacunar infarct the radiologists' confidence in detecting lacunar infarcts could have decreased when the outputs of our CAD scheme were considered. As shown in Fig. 4 , the detrimentally affected cases were caused by FPs in our CAD scheme. If this observer was to use an improved CAD scheme with a lower FP rate for the detection of lacunar infarcts, the AUC value might improve. Therefore, in the future, we need to improve our method for further elimination of FPs.
It is also important to know which cases are affected beneficially or detrimentally without and with the computer output. We investigated the changes in the radiologist confidence levels without and with the use of computer outputs (Fig. 6) . These values were obtained from 15 cases with a lacunar infarct. Almost all the cases were affected beneficially when using the computer outputs. However, one case (case no. 1) was affected detrimentally because, in this case, our CAD scheme could not detect the lacunar infarct. Figure 7 shows the T 1 -and T 2 -weighted images obtained from case no. 1 (Fig. 6) . Although all the observers marked this lacunar infarct, three observers changed their confidence levels to lower values after using the computer output. Hence, this error is not considered as a "detection error" but rather as an "interpretation error," because three observers accurately detected the lacunar infarct. We also investigated 15 cases without lacunar infarcts. Figure 8 shows the average percentage change in the radiologist confidence levels without and with the use of computer outputs. While many cases were affected beneficially by using computer outputs, three cases were affected detrimentally. Figure 9 shows the T 1 -and T 2 -weighted images obtained from case no. 9 (Fig. 8) . Our CAD scheme yields a relatively large number of FPs. These FPs can be classified into four types: a part of the cerebral sulcus, a part of the cerebral ventricle, enlarged Virchow-Robin spaces, and others [7] . The majority of FPs were different from those detected by radiologists and therefore radiologists can disregard these obvious FPs identified by the computer. However, it is noteworthy that some FPs detected by the computer were difficult for assisting radiologists in distinguishing between lacunar infarcts. If the radiologists were to be strongly influenced by these FPs, unnecessary medical treatments might be prescribed for the patient.
Conclusions
Our results provide evidence of a potential benefit of CAD in the detection of lacunar infarcts on T 1 -and T 2 -weighted images. However, it is also obvious that there are potential pitfalls associated with the use of computer outputs, in that false negatives and FPs identified by computers may increase interpretation errors by radiologists. Therefore, in order to decrease interpretation errors in the future, we need to develop a CAD scheme for distinguishing between enlarged Virchow-Robin spaces and lacunar infarcts, and to combine two independent CAD schemes for the detection and classification of lacunar infarcts. Moreover, a limitation of this observer study was in stipulating a criterion whereby Fig. 8 Graph shows the relationship between average radiologist confidence levels (%) without computer output, and the average change in the radiologist confidence levels without and with the use of computer outputs. Data were obtained from 15 cases without lacunar infarcts Fig. 9 T 1 -and T 2 -weighted images from case no. 9 in Fig. 8 . Our CAD scheme considered this lesion as a lacunar infarct patients with only one lacunar infarct were included. Therefore, further investigation of the use of our CAD scheme in patients with several lacunar infarcts is also required.
